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ABSTRACT 

Sulfur mustard (SM) is a blistering agent (vesicant) that causes severe chemical burns to the skin, 
eyes, and airways. SM was used as a chemical warfare agent (CWA) in the Iran/Iraq conflict, 
and more than half of surviving SM-exposed casualties continue to suffer from permanent lung 
injuries. SM remains a serious threat with no effective antidote. Despite over 90 years of study 
since SM was developed as a CWA, the mechanisms and timing of the development of these 
pathologies remain poorly defined. To model the mouth-breathing human, rats were intubated 
and ventilated for 10 min with nebulized SM or vehicle to achieve total doses of 0, 0.5, 1.75, 
2.25, and 3 mg/kg (335-402 mg/m3). Pulmonary function was analyzed by whole-body 
plethysmography. Rats were euthanized at various time points ≤ 6 months post-exposure, blood 
chemistry was analyzed, and lungs were subjected to pathologic analysis. Mid-study data showed 
elevated pCO2 and lowered blood pH and pO2, which correlated with upper airway necrosis and 
measurements of pulmonary function in the 24-48 hrs after 3 mg/kg SM exposure. For the 6-
month animals, the period between 3 and 7 weeks presented a significant challenge because 
approximately 60-70% of the high exposure dose group (3 mg/kg) and 40-50% of the 2.25 mg/kg 
group either died or required withdrawal from the study during this timeframe.  Over time, blood 
gas chemistries, antioxidant response elements, inflammatory markers and histopathology 
revealed that SM inhalation resulted in a range of physiological and toxicological decrements 
consistent with the progression of severe lung injury observed in humans. In addition, alveolar 
exudates, edema, and inflammation peaked early in the acute phase of injury and correlated with 
compensatory changes in pulmonary function and/or respiratory distress.  Based on 
histopathology, pulmonary respiratory function, and mediator responses, chronic obstructive 
pulmonary disease (COPD) is evident and can be described as an asthmatic-like condition that 
progresses over time. Data indicate that 3-7 weeks post-exposure may be a crucial window in the 
progression of SM inhalation injury, and that therapeutic intervention prior to and concurrent 
with this time point may offer the best approach. Based on this information, we evaluated the 
effects of a 6-hour post-exposure mesenchymal stem cell therapeutic approach and found it 
effective in reducing SM-induced edema, necrosis, inflammation, and death at 3-6 weeks.  This 
study provides the first long-term examination of SM-induced lung injury and systemic effects, 
and further demonstrates the feasibility of stem cell therapy for SM inhalation injury. 
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INTRODUCTION 

Sulfur mustard (SM) is a vesicant. SM (C4H8Cl2S) is also known as Yellow Cross, Lost, S-Lost, 
H or Yperite. It was first used as a chemical warfare agent (CWA) in 1917 and more recently 
during the Iraq-Iran conflict in the 1980’s. SM vapor was responsible for about 80% of the 
chemical exposure deaths during World War I (Hurst and Smith, 2008). Exposure to SM caused 
numerous injuries, acute as well as chronic, and ultimately death (Kehe and Szinicz, 2005). SM 
is easily synthesized from common industrial chemicals. Although an oily liquid with a 
moderately low vapor pressure, SM can be aerosolized or heated to produce vapor and as such 
can travel long distances during windy conditions. As a vapor, it is 5.4 times as dense as air, hugs 
the ground, and can be persistent in the environment from days to several weeks. It can remain a 
threat for some time in various aqueous environments and has caused skin blisters when handled 
many years after submergence (Aasted et al., 1985; Wulf et al., 1985).  SM is an alkylating agent 
and reactive molecular cross-linker (Wheeler 1962). Chemical reactions involving SM can 
stimulate and produce free radicals (Korkmaz et al. 2006; Brimfield et al., 2012), resulting in 
oxidative stress, which can escalate via an inflammatory chain-reaction (Laskin et al., 2010; 
Balali-Mood and Hefazi, 2005).  The reactive chemical nature of SM is due to the cyclization 
formation of an episulfonium ion which can combine with numerous nucleophilic sites. SM has 
been shown to be toxic in both in vitro (Meier et al., 1996; Sawyer, 1999; Atkins et al., 2000; 
Ray et al., 2008; Pohl et al., 2009) and in vivo experimental models (Vijayaraghavan et al., 1991; 
Gold and Scharf, 1995; Anderson et al., 1996; Casillas et al., 1997; Rao et al., 1999; van Helden 
et al., 2004; Dillman et al., 2005; Sciuto et al. 2000, 2007; Fairhall et al., 2010).   
SM can be readily absorbed into tissues with much of it finding its way into the circulation, 
thereby causing systemic effects. The principal targets of SM toxicity are ocular, dermal, and 
lung tissue surfaces. Bone marrow, a site of cell proliferation, is also a target of SM toxicity 
(Dacre and Goldman, 1996). While exposure through ocular and dermal routes is incapacitating, 
most fatalities are a result of inhalation (Eisenmenger et al., 1991). Symptoms of exposure are 
delayed, with a latency of ~24 hrs for inhalation exposures.  SM forms fluid-filled blisters, and 
associated pain may take several hours. Following dermal exposure, pain is immediate with 
tissue damage and clinical effects occurring hours to days later. Higher exposures have lower 
latency times to symptoms (acute). Inhaled SM is largely absorbed in the upper airway and rarely 
penetrates to the lung parenchyma unless the concentration or duration of exposure or both are 
sufficiently high. In humans, following wartime inhalation exposure to SM, reports have 
identified bronchopneumonia, chest tightness, and in long-term survivors, chronic bronchitis, 
lung fibrosis, productive cough, and chronic obstructive pulmonary disease (Ghanei and Harandi, 
2007). Injury can develop slowly, becoming much more intense over time. More detailed clinical 
manifestations can be found in Willems (1989). 
While there is not a direct causative link between SM exposure and cancer from battlefield 
exposures, workers occupationally exposed to mustard during production had a higher incidence 
of respiratory, skin and blood cancer (Nishimura et al., 2016; Pechura and Rall, 1993).  Gopinath 
and Mowat (2014) provide a pathological description of the presence of cancer in rat lung tissue. 
Experimentally, Kan et al. (2008) provided some evidence of a possible causal link between the 
inhalation of SM and cancer in rats exposed to a single high dose of SM for 10 min. The current 
study was designed to satisfy an information gap by using an animal exposure model to 
investigate the effects of a single inhalation challenge to SM over a 6-month time period. While 
there have been studies that terminate at 7 (Malaviya et al., 2010) or 30 days (Mishra et al., 
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2012), they do not match the equivalent timeline vs toxicity when compared to the human 
temporal exposure-response effects seen in humans (Ghanei and Harandi, 2007). These data 
provided evidence that longer-termed health consequences after a single exposure episode to SM 
are manifested in responses years after battlefield exposure to SM. Acute effects following 
exposure to SM include initial pain, discomfort, increased nasal secretions, sneezing, coughing, 
sore throat within 4-16 hrs; late onset of laryngeal lesions; tracheal and large bronchial 
inflammation/necrosis; sloughing of airway tissue lining; and hemoptysis. These effects are 
largely dose-dependent. Chronic consequences include bronchiectasis, COPD, emphysema, 
fibrosis, asthma, bronchiolitis obliterans, hemorrhagic inflammation, tracheobronchial stenosis, 
pneumonia, septicemia, ulcers and strictures, gas exchange disorders, and damaged lung 
surfactant. Although studies on treatments have had limited success recently in several animal 
models, they are generally focused on more acute exposure-effect responses (Kumar et al., 2001; 
Jugg et al., 2013;Veress et al., 2015). 
The complex character of inhaled SM toxicity creates a challenge to field effective medical 
countermeasures since a mixture of toxidromes are manifested over time. In this regard, we 
tested the feasibility of mesenchymal stem cell (MSC) treatment against inhaled SM. MSC 
treatment has been shown to be effective in mice challenged with endotoxin (Gupta et al., 2007), 
bleomycin (Ortiz et al., 2003) and phosgene (Zhang et al., 2016). Preliminary data cited herein 
may provide a possible therapeutic role for treating SM-induced lung injury. 

MATERIALS AND METHODS 

Animals.  Adult Male Sprague-Dawley (SD) rats (Charles River Laboratories, Wilmington, 
MA) weighing 240-300 g on the exposure day were used.  Animals were housed individually 
after exposure under standard conditions with a 12 hours light/dark cycle and food and water 
were available ad libitum. The study protocol was approved by the Institute Animal Care and 
Use Committee, USAMRICD, Aberdeen Proving Ground, MD.  Research at USAMRICD was 
conducted in compliance with the Animal Welfare Act as amended (2007) and other federal 
statutes and regulations relating to animals and experiments involving animals and adheres to 
principles stated in the Guide for the Care and Use of Laboratory Animals, National Research 
Council, published by the National Academy Press, 1996. 
Challenge Agent and Dose.  All exposures occurred over a 10-minute period with 
concentrations ranging from 0, 0.5, 1.75, 2.25, and 3 mg/kg (335-402 mg/m3). The entire 
exposure system was confined within an inhalation exposure chamber (glovebox). Exposure 
concentrations were based on earlier published findings that 350 µg of vaporized SM over 50 
min will produce lung injury in spontaneously breathing rats (Anderson et al., 1996).  
Study Design.  Male SD rats were anesthetized with 90 mg/kg ketamine and 10 mg/kg 
xylazine intramuscularly. Rats were placed in supine position, and a modified and polished 
smooth-bore glass pasture pipette (~5 cm. in length) was inserted into the trachea using a 
modified laryngoscope and PE90 tubing as a stylus guide. The glass insert was held in place 
with mildly adhesive tape, and the rat was then transferred to the exposure chamber.  A single 
10-minute exposure to SM was delivered using a closed-to-atmosphere inhalation system via 
mechanical ventilation (Figure 1). The respiration rate was determined by the baseline rates for 
each animal. SM was delivered by a small animal ventilator (Harvard Model 683, Harvard 
Apparatus, Holliston, MA) and set for a tidal volume of 2.5-3 mL and a respiratory rate of 60-
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90 breaths/ minute.  Because conscious rats can control their respiration when subjected to an 
irritant environment, anesthetized and ventilated procedures were used to standardize the minute 
volume (respiration rate x tidal volume) for each exposed rat.  SM was delivered from a 
closed circuit standard nebulizer system (Aeroneb, Aerogen Inc., Marietta, GA).  The 
Aeroneb unit has a volume of 10 mL and can deliver approximately 0.22 mL/min at a mean 
particle size of 1.6 µm, well within the range for deep lung deposition.  The nebulizer was 
placed in series between the ventilator and the glass endotracheal insert; thus, SM aerosol was 
administered by the action of mechanical ventilation to produce an aerosolized exposure 
stream.  This allowed for an even and consistent delivery of SM to the peripheral airway by 
bypassing the nasal passages, a site of detoxification, and also served to assist the rat for 
ventilation in the event that agent irritation affected the breathing pattern.  Because of solubility 
issues aerosolizing neat agent, SM was diluted in a 75% ETOH + 25% saline solution 
(ethanol/saline controls) for ease and consistency of delivery. During the course of exposure, a 
sample from the aerosol stream was taken for MINCAMS (Mini Chemical Agent Monitor) 
quantitative analysis.  Exhaled gases from the rat were routed via a unidirectional Rudolph 
valve (Hans-Rudolf Inc., Shawnee, KS) into a flask neutralized with 50 ml of 5% bleach, then 
through an activated charcoal canister, and finally exited the system through the exhaust HEPA 
filter. Following SM exposure and after a 10-minute room air off-gas time period, rats were 
extubated, and placed in recovery posture.  
 

 
    Figure 1. Anesthetized intratracheal SM aerosol exposure and decontamination system. 
 
Pulmonary Dynamics Assessment. Across all time points and SM doses reported herein, 
respiratory dynamics were assessed. Prior to exposure, all conscious rats were placed in the 
whole-body plethysmograph (WBP) for approximately 2 hrs to establish baselines for the 
following respiratory function parameters: tidal volume (TV- mL), respiratory frequency (Rf -
breaths/min), minute volume (MV- mL/min), inspired and expired time rates (Ti; Te - sec), 
putative bronchoconstriction (Enhanced Pause, EPAU), and peak expiratory and inspiratory flow 
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rates (PEF; PIF- mL/sec) (Buxco Inc. Sharon, CT). After this baseline phase, rats were removed, 
anesthetized as stated above, and exposed to the SM aerosol for 10 minutes. Immediately 
following exposure, each anesthetized rat was returned to the WBP for an additional 6 hrs of 
respiratory dynamics assessment. Within the first 90-120 min in the WBP, all rats recovered 
from anesthesia. Following this 6-hour assessment recovered rats were placed in their respective 
cages and returned to the animal room facility overnight. Over the following days and months 
survivors were returned to the WBP for a 2-hour respiratory function assessment daily at the 
same time for the first 72 hrs and then weekly for the next 6 months for all of the time points. 

Perfusion, Necropsy and Histopathology.  At predetermined designated or culled time points 
after SM-exposure, rats were deeply anesthetized as described, and a ventral midline incision 
was made to expose the thoracic cavity.  Rats were perfused with 500 mL of 0.89% normal 
saline (4.5 grams sodium chloride in 500 mL distilled water) and 250 mL of 10% neutral 
buffered formalin (Sigma) at a perfusion rate of 40-60 mL/min using a Cole Parmer Masterflex 
perfusion pump (Model 77200-60).  Perfusate was injected into the right heart ventricle to 
perfuse the lungs. Immediately following perfusion, the lungs were harvested and placed into 
10% neutral buffered formalin at biosafety level 2 (BSL-2) for 24-72 hrs at 4ºC. To properly fix 
the lungs, fixative was slowly instilled into the trachea using a blunted 18 gauge needle until the 
lungs were inflated. Immediately following perfusion, lungs were harvested and post-fixed in 
10% formalin for 18-24 hrs at 4ºC.  The trachea was then ligated with suture to prevent leakage.  
Lung sections comprising the right cranial, right middle, right caudal, and accessory lung lobe, 
left lung lobe, and trachea were scored by veterinary pathologists blinded to the study groups. 
Following fixation, lung tissues were processed in paraffin and serially sectioned at 5-10 
microns.  Lung sections were stained with H&E (hematoxylin and eosin) for evaluating the 
extent of pathology, Movat pentachrome or Gomeri trichrome for studying the magnitude of 
pulmonary fibrosis or periodic acid Schiff for examining the degree of mucus production.  H&E 
stained lung sections were qualitatively scored from 0 to 4 with 0=none; 1=trace; 2=mild (1-
10%); 3=moderate (10-50%); 4=severe (>50%) for acute pathological changes and evaluated for 
proliferative changes. The extent of pulmonary fibrosis and mucus production in the lungs was 
quantified using an imaging analysis program (ImagePro Plus; Media Cybernetics, Inc., Silver 
Spring, MD). 

Bronchoalveolar Lavage Fluid (BALF) Analysis.  Following euthanasia, a tracheotomy was 
performed, and a cannula inserted and tied to prevent leakage. Up to 5 mL of sterile saline was 
infused into the lungs and gently washed back and forth 3-5 times. The final bronchoalveolar 
lavage fluid (BALF) volume was recorded, and the recovered sample split for analysis of 
cytokines/chemokines, glutathione redox state, LDH, protein, etc. BALF aliquots were stored at -
80°C. BALF was assayed using a microplate spectrophotometer (SPECTRAMax Plus 384, 
Molecular Devices, Sunnyvale, CA) for biomarkers such as glutathione peroxidase (GPx, 
Cayman, Ann Arbor, MI), glutathione (GSH, Oxis Research, Portland, OR), and catalase (CAT, 
Cayman). Myeloperoxidase (MPO), a marker of leukocyte infiltration, and macrophage 
inhibitory protein (MIP-1α), a measure of macrophage damage, were also determined (Cayman, 
Ann Arbor. MI). Protein content was determined using the Lowry method (Lowry et al., 1951).   
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Blood SM Adduct Analysis.  At selected time points, arterial blood plasma concentrations of 
systemic SM-plasma protein adducts were obtained following exsanguination. SM adducts were 
analyzed using a gas chromatographic/mass spectrophotometric technique as described by 
Capacio et al. (2008).  

Cytokine analysis. Cytokine levels were determined in BALF with a Bio-Rad Bio-Plex 
suspension array system (Hercules, CA).  Standard immunoassay kits were used to measure 
cytokines IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-12(p70), IL-13, IL-17, IL-18, GRO-KC, 
TNFα, M-CSF, RANTES, MIP-1α, MIP-3α, and EPO (BioRad, Hercules, CA).  

Blood gas analysis.   Animals were anesthetized and euthanized by exsanguination by blood 
draw from the aorta. Blood gases were measured using the i-STAT Handheld System (Abbott 
Laboratories , Abbott Park, IL). Parameters analyzed included pCO2, pH, pO2, hematocrit (Hct 
%), total hemoglobin (THb g/dl), and O2 saturation. Blood was immediately analyzed using an 
IRMA TruePoint Blood Analysis System (ITC, Edison, NJ).  

Mesenchymal Stem Cell (MSC) Treatment.   For MSC studies, cells were derived from a green 
fluorescent protein expressing transgenic rat line and were isolated from the femoral bone 
marrow of Lewis rats, cultured in fibronectin-coated flasks, and frozen in treatment aliquots for 
subsequent application. On the day of exposure, cells were reconstituted in physiologic saline to 
2x106 cells/mL, and viability > 70% was confirmed.  Rats exposed to either 2.25 mg/kg SM or 
ethanol/saline were used to evaluate MSC therapy.  Approximately 4-6 hrs post-exposure (PE), 
rats received either MSC suspension (2x106 cells + saline flush = total volume 2 mL) or an 
equivalent volume of saline only, administered via jugular catheter.  Following MSC therapy, 
animals were euthanized as mentioned above at 5 weeks PE based on several observations: 
animal weights dramatically declined, animal losses increased, pulmonary dynamics were 
altered, and pathologic abnormalities increased. 

Data Analysis. Initially, this study was intended to investigate temporal dose-response effects of 
inhaled SM; the results herein will largely involve comparisons of trending data due to 
insufficient samples at selected time points and concentrations. All data are expressed as the 
mean ± standard error. Parametric data analyses were performed on lung wet/dry weight ratios, 
body weights, pulmonary dynamics, glutathione, blood gas parameters, etc., using two- (time and 
dose) or one-factor (dose) ANOVAs. If data were significant post hoc tests such as the Tukey’s 
or Dunnett’s C multiple comparison method were performed (Dunnett’s C test was used when 
group variances were unequal).  A Chi-square and/or Kruskal Wallis test was used on categorical 
data to compare dose groups. Significance level was set at p≤0.05. Where appropriate, marginal 
data are shown. 
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RESULTS 

Figure 2 shows that body weight loss changed radically over time in the highest SM exposure 
groups. Higher SM exposures resulted in signs of stress, including pulmonary crackles, 
piloerection, porphyrin staining, and lack of weight gain, which were phenomena not observed in 
ethanol/saline controls.  Statistical analyses demonstrated a significant deviation (blunted weight 
gain) in the 3.0 mg/kg group at the 3-week PE point. This was mirrored in the 1.75 mg/kg group, 
but not in the 2.25 mg/kg group.  By 8 weeks PE, the animals which deviated from controls died, 
and the weight time course thereafter blends in with the other exposure groups’ weight-loss time 
courses. It is apparent that the reduced weight gain at 3 weeks PE is a predictor of later death, as 
those animals that survived to their scheduled cull dates did not deviate from the ethanol/saline 
controls, while those that died or were culled early due to a decline in health or respiratory 
distress did show the diminished weight gain compared to ethanol/saline controls. 

Animal Body Weight by Exposure Dose
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Figure 2. Temporal SM dose-response changes in rat body weight and group sample sizes. 
Two-way ANOVA results are expressed as mean ± SEM.  
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Figure 3 shows the Kaplan-Meier survival curve representing the timing of animal loss by dose.  
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Figure 3. Kaplan-Meier survival dose-response curves for SM aerosolized over time. 

Table 1 shows the actual survival rates from 1-180 days PE. At 6 months the 1.75 mg/kg 
exposure resulted in an LCt13, the 2.25 mg/kg exposure produced an LCt35, and the 3.0 mg/kg 
exposure group showed an LCt80.  Approximately 30% of the 3.0 mg/kg-exposed animals died 
within 24 hrs PE (Table 1).  A second wave of fatalities followed at the three-week PE time 
point, when an additional 15% of 3.0 mg/kg animals were lost.  This correlates tightly in time 
with the blunted weight gain shown in Figure 2. The same delayed losses occurred in the 2.25 
mg/kg group within approximately the same time frame, while delayed losses were also seen in 
the 1.75 mg/kg exposure group.  Acute losses overall were dose-dependent becoming greater 
with increasing SM dosing. Delayed losses were greater and earlier with increasing SM exposure 
dose.  At lower SM exposure there were fewer losses from the acute injury, with delayed injury 
occurring later and being milder in character.  Interestingly, these data clearly indicate that a 
single 10-minute exposure to aerosolized SM resulted in a two-phase injury: an acute phase 
when approximately 40% of all exposure-related death occurred within the first two days, and a 
latent phase injury when the remaining 30% perished within 3-5 weeks as symptoms of 
pulmonary distress and severe inflammation became more apparent. 
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TABLE 1. Temporal SM dose-response survival rates (%) following a single 10–minute 
inhalation challenge to SM. 

Days E/SC (n=19) 1.75 mg/kg (n=22) 2.25 mg/kg (n=44) 3.0 mg/kg (n=72) 

-1 100 100 100 100 

0 100 100 84.1 90.2 

Post-Exposure         

1 100 100 61.3 70.8 

2 100 95.4 61.3 61.1 

3 100 95.4 61.3 56.9 

9 100 95.4 61.3 51.3 

11 100 95.4 61.3 50 

14 100 95.4 61.3 48.6 

15 100 95.4 59.1 45.8 

17 100 95.4 59.1 44.4 

22 100 95.4 59.1 41.6 

23 100 95.4 56.8 41.6 

25 100 95.4 56.8 38.8 

28 100 95.4 56.8 34.7 

29 100 90.9 56.8 33.3 

34 100 90.9 56.8 31.9 

37 100 90.9 56.8 30.5 

43 100 90.9 54.5 30.5 

46 100 90.9 54.5 29.1 

49 100 90.9 54.5 26.3 

56 100 90.9 54.5 25 

68 100 90.9 54.5 23.6 

70 100 86.3 54.5 23.6 

77 100 81.8 54.5 23.6 

108 100 81.8 54.5 22.2 

115 100 81.8 54.5 20.8 

128 100 81.8 54.5 19.4 

133 100 81.8 54.5 18.1 

161 100 81.8 52.2 18.1 

180 100 81.8 52.2 18.1 
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Blood Gases 

Figures 4A-D show the temporal dose-dependent changes in arterial blood gas data. Temporal 
arterial blood O2 saturation for the 3 mg/kg-exposed group at 24 hrs PE was approximately 39% 
lower than for time-matched ethanol/saline controls, 57% vs 93%, respectively. At 25 days PE 
this difference decreased to 24% lower than ethanol/saline controls. At 180 days PE most groups 
were nearly equivalent except for the 2.25 mg/kg group, which was 20% lower than  
ethanol/saline controls, indicating compromised lung gas exchange (Figure 4A).  

O2 sat %

Time  Post-Exposure

%
 S

at
ur

at
io

n

3 hr 6 hr 24 hr 48 hr 16 day 25 day 45 day 56 day 70 day 108 day 115 day 180 day
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

1.75 mg/kg SM
2.25 mg/kg SM
3.0 mg/kg SM

ETOH/Saline

 

Figure 4A. Temporal dose-response SM-induced changes in arterial blood O2 saturation. 
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Figure 4B shows that pO2 begins to decline about 6 hrs PE in the 3.0 mg/kg SM-exposed rats 
after starting in the 92-95 mmHg range. At 24 hrs PE there was a 42% decrement in pO2 between 
3.0 mg/kg SM-exposed rats and time-matched ethanol/saline controls. The pO2 in the 3.0 mg/kg-
exposed group remained around 42 mm/Hg as far out as 45days and reached only about 60 
mmHg in survivors at 180 days PE. Conditions of hypoxemia were evident in the 3.0 mg/kg dose 
group up to about 10 weeks PE. The pO2 in the 1.75 mg/kg-exposed group steadily declined from 
79 to 59 mmHg, a decrease of about 26%, from 3 hrs to 180 days PE, whereas at 25 days 2.25 
mg/kg SM-exposed rats showed a 31% decrement in pO2  from 79 to 51 mmHg between 25 and 
180 days PE.  
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Figure 4B. Temporal dose-response SM-induced changes in arterial blood pO2. 
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Mean arterial pCO2 in both the 1.75 and 3.0 mg/kg SM-exposed groups was within normal limits 
3-6 hrs PE (Figure 4C). However, at 24 hrs the 3.0 mg/kg-exposed group increased to 87 
mmHg, a 100% increase from 3 hrs PE. After 45 days there was a downward trend to 49 mmHg, 
which was slightly lower than in ethanol/saline controls. There was yet another upsurge in pCO2 
at 108 days PE for the 3.0 mg/kg group to 91 mmHg, 85% higher than time-matched 
ethanol/saline controls, suggesting a renewed decrement in the rats’ capacity to expel excess 
CO2. For the 2.25 mg/kg–exposed rats there was a steady decline in respiratory function as 
shown by a trending increase in pCO2 from 61 to 91 mmHg between day16 and 180 days, 
indicating compromised lung function and a chronic exposure-response state. 
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Figure 4C. Temporal dose-response SM-induced changes in arterial blood pCO2. 
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Mean arterial pH in both the 1.75 and 3.0 mg/kg SM-exposed rats was within normal 
physiological limits, approximately 7.39, 3 hrs PE (Figure 4D). At 24 hrs PE pH in the 3.0 
mg/kg-exposed group decreased to 7.17 versus 7.37 for time-matched ethanol/saline controls. 
Mean arterial pH in the 2.25 mg/kg group steadily declined from 7.35 to 7.19 between 16-180 
days PE, whereas in ethanol/saline controls it was well-maintained during the entire PE period. 
The decrements in pH, pO2, and increases in pCO2, especially in the early phases of the study, 
clearly indicated a condition of respiratory acidosis. 
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Figure 4D Temporal dose-response SM-induced changes in arterial blood pH. 

As an adjunct to blood gas chemistries, total hemoglobin (THb) and hematocrit (Hct) were 
analyzed. Although the temporal results for both THb and Hct fall within the published normal 
range for Sprague-Dawley rats used in this study (Otto et al., 2015), we did observe changes 
between the highest SM inhalation concentration and ethanol/saline controls at 4 weeks PE. 
There was a 27% increase in THb to 16.3 g/dl for 3.0 mg/kg SM group versus 12.8 g/dl for 
ethanol/saline controls.  Similarly, Hct increased 28% for 3.0 mg/kg SM animals, to 48% versus 
37.4% for the ethanol/saline group at the same time point.  Both THb and Hct were near normal 
values for the remainder of the study (data not shown). These conditions equate to 
polycythemia and likely indicated an increase in hemoglobin production, either to compensate 
for poor cardiopulmonary function or possibly due to SM-induced bone marrow dysregulation. 

Blood SM Adducts 

To determine the presence of adducts following a 10-minute inhalation challenge to aerosolized 
SM, whole arterial blood samples were collected over time. Data reflect individual rats 
euthanized at each time point up to 24 hrs PE. These were then analyzed for the presence of 
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adducts following a single 10-minute exposure to aerosolized SM. Figure 5 shows the initial 
dose-response relationship over the first 24 hrs PE. The doses tested in this study, 1.75, 2.25, and 
3.0 mg/kg, resulted in the presence of adducts which ranged from 150-325 nM, signifying the 
validation of the exposure model for establishing markers of SM exposure following an 
inhalation challenge. SM adducts appear to reach a maximum for the 2.25-3.0 mg/kg-exposed 
groups of about 400-600 nM within 3 hrs PE. While there was a dose-response relationship 
among all doses tested over time, it appears that at the two highest doses this was not the case. 
This could be related to saturation processes in the lung responsible for the delivery of SM to the 
blood and/or animal to animal variability. Figure 6 provides a 140-day profile in individual rats 
of SM adducts in the blood for the exposure concentrations tested. There is a clear presence of 
SM protein adducts for 1.75-3.0 mg/kg up to 7 days PE with minimal amounts observed up to 21 
days PE. The levels of detection and quantification in this model were 12.5 nM and 5.0 nM, 
respectively.  
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Figure 5. Twenty-four-hour dose-response effects of inhaled aerosolized SM on blood 
plasma adduct formation. 
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Figure 6. Long-termed effects of inhaled aerosolized SM on the presence of blood 
plasma adduct formation. 

Respiratory Dynamics 

WBP analyses was performed on all animals exposed to a single 10-minute challenge of 
aerosolized SM. WBP data for PEF, Te, MV and EPAU were collected for the first six hrs PE 
and then over two-hour intervals for the first 72 hrs (Figures 7A-10A). Thereafter, data were 
collected weekly across a two-hour time period between 1-11 weeks (Figures 7B-10B) and 12-
26 weeks PE (Figures 7C-10C). All two-hour measurements occurred from 10 AM-12 PM to 
match the original WBP collection. During the first 3-4 hrs PE, responses were in part the result 
of recovery from anesthesia. 

Te values over the initial 72-hour PE time frame largely indicated that all dosed animals 
exhibited decreased expiration time ranging from 35-50% slower than time-matched 
ethanol/saline controls especially in the 3- to 6-hour time interval (Figure 7A).  At 24 hrs Te 
trended toward ethanol/saline controls. Between 3-7 weeks PE, the 3.0 mg/kg group showed 
substantially lower expiration times compared with time-matched controls, averaging about 20% 
faster than time-matched ethanol/saline controls (Figure 7B). Faster expiration times remained 
from weeks 12-26 for the highest SM-exposed group. Additionally, at week 13, both the 1.75 
and 2.25 mg/kg groups also showed lower expiration times, compared to time-matched 
ethanol/saline controls.  The reduction in expiration times was greatest around 23-24 weeks PE 
before returning to near controls levels at the end of the study (Figure 7C). 



 

 15 
 

 

Figure 7A.  A 1- to 72-hour profile of the effects of inhaled aerosolized SM on time of 
expiration. Data shown as percent difference from ethanol/saline controls. 

 

Figure 7B.  A 1- to 11-week profile of the effects of inhaled aerosolized SM on time 
of expiration. Data shown as percent difference from ethanol/saline controls. 
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Figure 7C. A 12- to 26-week profile of the effects of inhaled aerosolized SM on time of 
expiration. Data shown as percent difference from ethanol/saline controls 

Figure 8A shows the temporal effects of SM inhalation on PEF over the first 72 hrs PE. There 
was a 45-80% increase in expired air flow in the 3.0 mg/kg group 24 hrs PE compared with time-
matched ethanol/saline controls. Increased PEF was persistent in the high-dose SM-exposed rats 
over the 11-week time frame reaching a rate nearly 200% faster than ethanol/saline controls at 
week 4 (Figure 8B) and approximately 240% at week 15 (Figure 8C).  At week 20 PE, PEF 
rates began to approach ethanol/saline controls levels for all SM-exposed groups. However, 
while doses of 1.75 to 2.25 mg/kg SM showed no marked increases vs ethanol/saline controls 
early on, there was about a 50% increase in PEF for 1.75 mg/kg between weeks 22-24, indicating 
a latency of modified airflow months after the initial challenge (Figure 7C). This may be a 
compensatory mechanism whereby the animals are attempting to increase airflow rates by 
respiring faster because of the increased presence of SM-induced pseudomembranous casts in the 
airways.  
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Figure 8A. A 1- to 72-hour profile of the effects of inhaled aerosolized SM on peak expiratory 
flow. Data shown as percent difference from ethanol/saline controls. 

 

Figure 8B. A 1- to11-week profile of the effects of inhaled aerosolized SM on peak expiratory 
flow. Data shown as percent difference from ethanol/saline controls. 
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Figure 8C. A 12- to 26-week profile of the effects of inhaled aerosolized SM on peak expiratory 
flow. Data shown as percent difference from ethanol/saline controls. 
 

Figure 9A shows the temporal changes in MV in SM-challenged rats. MV is the product of 
respiration rate (breaths/min) and tidal volume (mL). From 3-48 hrs PE a marginal increase in 
MV, 7-25%, was observed for all exposure doses. However, over an 11-week period the 3.0 
mg/kg-dosed SM-exposed rats began to separate from the other groups, peaking at 112% vs 
E/SCs and then trending downward to 11 weeks PE (Figure 9B). During the final 15 weeks, MV 
peaked at week 15 in the 3.0 mg/kg groups at 100% greater than time-matched ethanol/saline 
controls, indicating a substantial change in respiratory function nearly 4 months PE (Figure 9C).  
The increased MV response is largely due to increased respiration rates as mention above. 
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Figure 9A. A 1- to 72-hour profile of the effects of inhaled aerosolized SM on minute 
ventilation. Data shown as percent difference from ethanol/saline controls. 

 

Figure 9B. A 1- to 11-week profile of the effects of inhaled aerosolized SM on minute 
ventilation. Data shown as percent difference from ethanol/saline controls. 
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Figure 9C. A 12- to 26-week profile of the effects of inhaled aerosolized SM on minute 
ventilation. Data shown as percent difference from ethanol/saline controls. 
 

A putative indicator of respiratory functional resistance, enhanced pause (EPAU) was also 
determined over time. It can be seen from Figure 10A that in the 3.0 mg/kg-exposed rats, EPAU 
transiently increased to 178% versus time-matched ethanol/saline controls after initially 
indicating a “restricted-like” condition. This could be due to the acute transient effects of SM 
aerosol on bronchomotor tone. During weeks 3-11 bronchoconstriction consistently increased in 
the 3.0 mg/kg group, which range from 60-113% higher than time-matched ethanol/saline 
controls (Figure 10B). Increased lung resistance remained higher than in controls from week 12 
to week 18, indicating a persistent challenge for adequate gas exchange in the 3.0 mg/kg-dosed 
group (Figure 10C). 
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Figure 10A. A 1- to 72-hour profile of the effects of inhaled aerosolized SM on enhanced pause. 
Data shown as percent difference from ethanol/saline controls. 

 

Figure 10B. A 1- to 11-week profile of the effects of inhaled aerosolized SM on enhanced pause. 
Data shown as percent difference from ethanol/saline controls. 
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Figure 10C. A 12- to 26-week profile of the effects of inhaled aerosolized SM on enhanced 
pause. Data shown as percent difference from ethanol/saline controls. 

BALF Protein 

Lung bronchoalveolar lavage fluid (BALF) protein concentration is shown in Figure 11. There 
was a dose-dependent and temporal increase in BALF total protein in rats exposed to aerosolized 
SM between 24 hrs and 4 weeks PE. At 24 hrs there was a 10- and 13-fold elevation in the 
amount of protein in the BALF in the 2.25 and 3.0 mg/kg groups, respectively, versus time-
matched ethanol/saline controls. At 4 weeks protein concentrations remained high, with 5.9- and 
4.0-fold increases in the 2.25 and 3.0 mg/kg groups versus ethanol/saline controls, respectively. 
Furthermore, the majority of the elevated BALF protein resolved by 6 weeks PE. However, 
BALF protein remained elevated by 2.8-fold (544 µg/mL) in the 2.25 mg/kg-exposed group 
versus time-matched ethanol/saline controls at 3 months. At 6 months, there was a1.9-fold 
increase for 3.0 mg/kg (551 µg/mL) when compared with ethanol/saline controls (293 µg/mL). 
Yet the detection of increased BALF protein does not differentiate between proteins released 
from damaged peripheral regions of the lung versus those released from the distinct pathological 
damage in the upper airways. However, based on histopathology results, we concluded that there 
was a breach in the air/blood barrier, especially as PE time and exposure concentration increased. 
These results are supported by the observation that BALF LDH activities (Figure 12) mirrored 
the increases in BALF total protein (Figure 11) especially within the 24 hrs to 4 weeks PE time-
frame. Across that same time interval, the average total LDH for the 2.25 mg/kg group was 712 
IU/L versus 78 for ethanol/saline controls, a 9.1-fold increase versus only a 1.6-fold change for 
the 3.0 mg/kg SM group.  
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Figure 11. The temporal dose-response effects of SM exposure on BALF protein. 

 

 

Figure 12. The temporal dose-response effects of SM exposure on BALF lactate 
dehydrogenase activity.  
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BALF Redox Response Elements (RREs) 

 SM inhalation caused changes in BALF RREs after a single 10-minute exposure. SM affected 
the free radical redox detoxification pathway involving GPx (Figure 13), GSH (Figure 14) and 
CAT (Figure 15). GPx increased approximately 9- to 40-fold at 4 weeks after SM exposure for 
concentrations ranging from 1.75 to 3.0 mg/kg, respectively, and increased 12- to 18-fold for all 
CAT SM concentrations compared to time-matched ethanol/saline controls. CAT and MPO 
showed the greatest number of dose and time interval changes on the animals available for 
sampling. The GSH redox cycle appeared to be affected only at the 6-month time point with fold 
changes ranging from 2.6- to 4-fold higher for all SM-exposed groups (Figure 14). MPO increased 
substantially for the 3.0 mg/kg group 24 hrs to 3 weeks PE reaching peak activity of 3400 at 24 
hrs. There was a spike in MPO activity at the later time points from 3 to 6 months PE for most of 
the exposure concentrations (Figure 16). These data suggest that there is not only a possible 
acute neutrophilic exposure-response effect to SM, but a latent component as well that may be 
associated with recurrent lung damage, which could be reflective of increased neutrophil activity. 

 

Figure 13. The temporal dose-response effects of SM exposure on BALF glutathione 
peroxidase activity. 
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Figure 14. The temporal dose-response effects of SM on BALF total glutathione. 

 

 

Figure 15. The temporal dose-response effects of inhaled SM on BALF catalase activity. 
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Figure 16. The temporal dose-response effects of inhaled SM on BALF 
myeloperoxidase activity. 

Markers of Inflammation 

The temporal production of IL-1α into the BALF is shown in Figure 17. Within the first 24 hrs 
the ratio of IL-1α in the 2.25 mg/kg or 3.0 mg/kg exposure groups to time-matched 
ethanol/saline controls increases from 15- to 29-fold, respectively. This indicated that pro-
inflammatory processes were present in the internal milieu of the SM-damaged lung. There was 
another peak in IL-1α output at two weeks PE, then again at 5 months where IL-1α  in the 2.25 
mg/kg-dosed group was 28-fold greater than in the ethanol/saline controls reaching a peak level 
of 107±71 pg/mL, whereas in the 3.0 mg/kg group the effect was a less substantial, 7-fold greater 
than ethanol/saline controls, suggesting another surge in pro-inflammatory release.  
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Figure 17. The temporal dose-response effects of inhaled SM on BALF cytokine IL-1α. 

The cytokine IL-1β is also a marker of inflammation. The effects of inhaled SM on BALF over 
time for IL-1β are shown in Figure 18. By 24 hrs PE, IL-1β was markedly increased reaching 
11- and 52-fold higher levels than time-matched ethanol/saline controls for 2.25 and 3.0 mg/kg, 
respectively. At 48 and 72 hrs BALF levels reached 1042 and 897 pg/mL, respectively, 
indicating a condition of inflammation that remained to 6 weeks PE where there was a 20-fold 
increase versus ethanol/saline controls. It is interesting to note that in survivors of the lower SM 
exposure dose, 1.75 mg/kg, a pattern of inflammation was present that was not observed at 
earlier time points especially at 4 and 6 months PE where 4.7- and 79-fold increases over 
ethanol/saline controls were detected, respectively.  
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Figure 18. The temporal dose-response effects of inhaled SM on BALF cytokine IL-1β. 

The chemokine GRO/KC is a marker of both inflammation and wound healing. In Figure 19 at 
24 hrs PE, there was a marked 6- to 8-fold increase of GRO/KC in the BALF for 3.0 and 2.25 
mg/kg groups, respectively, compared to time-matched ethanol/saline controls. For the 2.25 
mg/kg group there was an increasing trend in GRO/KC from 24 hrs to two weeks PE, reaching a 
maximum of 536±233 pg/mL, which was a 6.3-fold increase over time-matched ethanol/saline 
controls. The 3.0 mg/kg-exposed animals showed an increasing trend in GRO/KC levels from 
about 4-6 weeks and 5 months PE, peaking at 643±455 pg/mL, which is a 10-fold increase over 
time-matched ethanol/saline controls. GRO/KC showed an increasing biphasic trend early, and 
then again at 4 and 6 months in the 1.75 mg/kg SM-exposed rats, which suggests the recurrence 
of an attempt at wound healing/inflammation. Dendritic cell, epithelial cell, and bone marrow- 
secreted cytokine IL-7 levels are shown over time in Figure 20. At the earliest time point, SM 
exposure induced an approximately 4- to 8-fold increase in BALF IL-7 concentration as a result 
of exposure to 3.0 or 2.25 mg/kg, respectively, compared to time-matched ethanol/saline 
controls. The responses to a single 10-minute exposure were 9- to10-fold in the 1.75 and 2.25 
mg/kg groups, respectively, at 5 months PE. At 6 months PE, fold changes versus time-matched 
ethanol/saline controls increased to 11- and 16-fold for the 1.75 and 2.25 mg/kg, respectively.  
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Figure 19. The temporal dose-response effects of inhaled SM on BALF chemokine 
GRO/KC. 

 

Figure 20. The temporal dose-response effects of inhaled SM on BALF cytokine IL-7. 
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Table 2 provides a 6-month profile of BALF inflammatory mediators totaled for each inhaled 
SM concentration. Our rationale was that attempting to plot the results for each exposure 
concentration for each time point would not adequately provide an indication of the larger SM-
induced exposure-response effects totaled over time. We measured the magnitude of SM 
inhalation on the cumulative average concentrations of IL-5, IL-6, TNFα, IL-17 and for two 
chemotactic cytokines, MIP-1α and MIP-3α, for each SM exposure challenge. There was a 
trending temporal dose-response effect for MIP-1α, MIP-3α, IL-5, and IL-6 compared to 
cumulative ethanol/saline control values with fold changes in the 3.0 mg/kg group that ranged 
from 10.1, 5.8, 14.7, and 8.2, respectively.  TNFα results indicate a possible dose-response, but a 
single high value was responsible for the increased change, 8.3-fold increase, for 2.25 mg/kg 
group, thus interfering with a true dose-response effect.  IL-17 data indicate that the largest effect 
in fold changes was for the 1.75 mg/kg exposure concentration, which was also due to several 
high individual responses over time. IL-12 shows a trending concentration-dependent decrease 
over 6 months with a maximum decrement of 53% for the 2.25 mg/kg SM group. There were no 
differences in fold changes between IL-2, IL-4, IL-10, IL-13, IL-18, M-CSF, VEGF, RANTES, 
or EPO vs 6 month ethanol/saline controls.  

TABLE 2. Fold changes in expression of average aggregate IL-5, IL-6, IL-12, IL-17, TNFα, 
and the chemotactic cytokines MIP-1α, MIP-3α levels in rat BALF for each SM exposure 
concentration over six months. Sample sizes range from 25-47/exposure concentration. 
Ethanol/saline controls are shown as E/SCs. 

SM exposure 
concentration 

MIP-1α 
(pg/mL) 

Fold-
changes vs 

E/SCs 

MIP-3α 
(pg/mL) 

Fold-
changes vs 

E/SCs 

IL-17 
(pg/mL) 

Fold- 
changes vs 
E/SCs 

E/SCs 31  22.1  1.3  
1.75 mg/kg 65.6 2.1 79.3 3.6 11.6 8.9 
2.25 mg/kg 116.4 3.8 86.0 3.9 7.5 5.8 
3.0 mg/kg 314.6 10.1 128.8 5.8 8.9 6.8 
       
 
SM 
exposure 
concentratio
n 

IL-12 
(pg/mL) 

Fold-
changes 

vs 
E/SCs 

IL-6 
(pg/mL) 

Fold-
changes 

vs 
E/SCs 

IL-5 
(pg/mL) 

Fold-
changes 

vs 
E/SCs 

TNF-α 
(pg/mL) 

Fold- 
changes 
vs 
E/SCs 

E/SCs 9.8  42.5  15.7  6.7  
1.75 mg/kg 8.7 0.89 68.7 1.6 38.1 2.4 13.7 2.0 
2.25 mg/kg 4.6 0.47 308.4 7.3    55.2 3.5 58.1 8.7 
3.0 mg/kg 6.7 0.68 348.6 8.2 

 
231.5 14.7 25.6 3.8 
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Histopathology 

At time points analyzed, the most noteworthy pulmonary and tracheal histologic lesions 
were seen in those animals challenged with higher doses, particularly in the 2.25 mg/kg and 
3.0 mg/kg groups, although changes were present in lower-dosed animals as well. Even among 
the highest exposure group, however, significant histologic lesions were not always present, nor 
were all lung lobes equally affected.  While showing no absolute restriction to a specific lobe or 
lobes, the most striking changes were generally seen in the right middle, right caudal, and 
left lobes in association with the respiratory epithelium and sub-epithelium of the conducting 
airways that included the trachea, intrapulmonary bronchi (absence of cartilage, but close 
association to bronchus-associated lymphoid tissue-BALT), and primary bronchioles.  For the 
purpose of consistency and organization, “mainstem bronchioles” will be used to denote the 
changes observed in the intrapulmonary bronchi and primary bronchioles unless otherwise 
specified.  Neither the tracheal bifurcation nor the extra-pulmonary bronchi was submitted for 
examination in this study and, therefore, were not examined histologically. Histologic lesions 
were present in the centroacinar region (terminal bronchioles and alveoli) but lessened in 
severity towards the periphery of the lobe. 

Compared to ethanol/saline controls at 3-6 hrs PE (Figure 21A), multifocal individual tracheal 
epithelial necrosis was the most noteworthy histologic change (Figure 21B).  Subepithelial 
hemorrhage and cellular debris with neutrophilic inflammation were seen occasionally, along 
with individual chondrocyte necrosis. A cellular exudate composed of inflammatory cells and 
sloughed epithelial cells could be found in the tracheal lumen. 

 
Figure 21. Morphologic 
changes in the trachea 
following SM exposure 
at 7.5 hours (3.0 
mg/kg). (A) Normal 
tracheal epithelium from 
a non-SM-exposed 
Sprague Dawley rat. 40x.  
(B) In the SM-exposed 
animal are numerous 
individual and nests of 
shrunken epithelial cells 
with hypereosinophilic 
cytoplasm and pyknotic 
or karyorhectic nuclei 
(consistent with 
epithelial necrosis). 40x. 
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Severe bronchiolar-associated lymphoid tissue (BALT) lymphocytolysis, as early as 3 hrs and 
extending to 72 hrs, was seen in some but not all animals. When BALT lymphocytolysis was 
present, the adjacent airway epithelium was generally affected, consisting of focally extensive 
individual (single-cell) bronchiolar epithelial necrosis; the remaining bronchiolar epithelium 
was histologically normal (Figure 22). The occurrence of BALT is a consequence of active 
pulmonary inflammatory processes (Bánfi et al., 2009). 

 

Figure 22. Morphologic changes in the accessory lobe following SM exposure 
at 7.5 hours (3.0 mg/kg). Histopathology of the BALT and overlying respiratory 
epithelium in the accessory lung lobe.  Note the “rounded-up” lymphoid cells (*), 
consistent with extensive lymphocytolysis, and the individual necrotic epithelial 
cells. 40x.  

By 24 hrs and extending through 72 hrs for the 3.0 mg/kg SM groups, brightly eosinophilic 
fibrillar and cellular pseudomembranes occasionally formed along the denuded surface and 
partially occluded the tracheal lumen (Figure 2 3A). Greater than 50% of the tracheal 
epithelium was affected with one or more of the following changes: single cell and nests of 
necrotic epithelial cells, clefting/separation from the basement membrane (Figure 23B), and 
ulceration. Subepithelial hemorrhage and inflammation and individual chondrocyte necrosis 
(Figure 23C) were also more extensive.  In the lungs, individual bronchiolar epithelial necrosis 
became more apparent with occasional fibrinous and cellular exudation and pseudomembrane 
formation in the secondary bronchi and mainstem bronchioles (Figures 24A and B) following 
2.25 mg/kg SM challenge. At 72 hrs (data not shown), there was a mild increase in 
bronchiolar goblet cells which progressively became more noticeable between 7 and 14 days 
post-challenge. Additionally, in other areas, there was attenuation of the bronchiolar epithelium. 
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Figure 23. Histomorphologic changes in the trachea following a 3.0 mg/kg SM exposure at 
24 hours. (A) A fibrinous and cellular pseudomembrane and plug partially occlude the tracheal 
lumen. 4x.  (B) Separation and clefting of necrotic epithelium from the underlying basement 
membrane (arrows). 40x. (C) Numerous brightly eosinophilic and necrotic chondrocytes are 
present in the tracheal cartilage (arrows). 60x. 

 

Figure 24. Histomorphologic changes in the left lobe following SM exposure at 48 hours 
(2.25 mg/kg). (A) A fibrinous and cellular exudate and pseudomembrane partially (arrows) 
occlude the bronchiolar lumen. 10x. (B) Note the ulceration and loss of respiratory epithelium 
(*) adjacent to the BALT. 20x 

Transmigration of a few neutrophils through the bronchiolar epithelium and periobronchiolar 
connective tissue was also noted as early as 24 hrs.  Within the terminal bronchioles and 
alveoli, alveolar histiocytosis, characterized by 2-4 mononuclear cells (macrophages) with 
abundant eosinophilic vacuolated cytoplasm, was common, although a mixed neutrophilic 
exudate was occasionally observed.  Other early findings observed in the most affected lung 
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lobes included alveolar (luminal) edema, alveolar interstitial edema and inflammation, alveolar 
epithelial cell hypertrophy, and, rarely, alveolar hemorrhage and fibrin (Figures 25A-C). 

 

Figure 25. Histomorphologic changes in the left lobe and right cranial lobe following SM 
exposure at 48 hours (2.25 or 3.0 mg/kg). (A) Severe alveolar proteinaceous edema and 
flooding adjacent to the mainstem bronchioles.  Note the fibrinous and cellular exudate that 
partially occludes the bronchiole lumen (*). 4x. (B) Proteinaceous edema admixed with 
variable numbers of foamy alveolar macrophages and non-degenerate neutrophils fill the 
alveolar lumina. 40x. (C) Although there is no evidence of alveolar edema or exudation, the 
alveolar interstitium is expanded 3-4x normal by neutrophilic and histiocytic inflammation and 
edema. 40x. 

Between 2-3 weeks after SM challenge, focally extensive sub-epithelial proliferations of 
loosely packed fibroblast-like cells elevating the ulcerated bronchiolar epithelium were 
observed in the mainstem bronchioles of a few animals (Figures 26A-B).  Bronchiolar 
epithelial necrosis, ulceration, and loss with attenuation and/or goblet cell hyperplasia (often in 
the same airway) were more common findings. A fibrinous and cellular bronchiolar exudate 
(with occasional hemorrhage) was also observed.  Although minor edema was present, alveolar 
neutrophilic exudate was more common and occasionally admixed with hemorrhage and fibrin. 
Neutrophilic and histiocytic alveolar interstitial inflammation and alveoli lined by plump 
epithelial cells (suggestive of type II hyperplasia) were accompanying histologic lesions. In a 
few areas, rare foci of spindled cells (focal alveolar fibrosis) also mildly expanded the alveolar 
interstitium. The tracheal epithelial changes resembled those seen in the mainstem bronchioles, 
although individual chondrocyte necrosis was not as readily observed. 
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Figure 26. Histomorphologic changes in the left lobe following SM exposure at 21 days 
(3.0 mg/kg). (A, B) The bronchiolar subepithelial proliferation composed of fibroblast-like 
cells admixed with few inflammatory cells elevates the ulcerated epithelium. 10x, 20x. 

Although lesions were observed at earlier time points, the most widespread and generally the 
most severe lesions were present between 4 and 7 weeks following a 2.25 mg/kg SM exposure. 
When present, the focal sub-epithelial proliferation became more organized, partially occluded 
the airway lumen, and was partially or completely lined by respiratory epithelium resembling a 
fibroepithelial polyp (Figures 27A and 27B). 
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Figure 27. Histomorphologic changes in the right caudal lobe following SM exposure at 
31 days (2.25 mg/kg). (A, B) A well-organized, dome-shaped, ulcerated subepithelial 
proliferation of spindled fibroblast-like cells (*) supported by a loose edematous matrix with 
small caliber vessels with a mixed inflammatory infiltrate partially occludes the bronchiole 
lumen.  Note how in the ulcerated epithelium lining the growth is contiguous with the 
bronchiolar epithelium (arrows).  The proliferation most resembles a fibroepithelial polyp. (A) 
4x, (B) 40x. 

Unlike the mostly proteinaceous bronchiolar exudate, the alveolar exudate varied from 
predominately proteinaceous to heavily neutrophilic or a combination of both.  Alveolar 
hemorrhage, fibrin, and hemoglobin crystals admixed with erythrocyte- and hemosiderin-laden 
macrophages were also routinely seen.  In the most affected areas, prominent (hyperplastic) 
alveolar epithelial cells lined septae thickened up to 4x normal by neutrophilic and histiocytic 
inflammation, fibrosis, and occasionally individual cellular necrosis (Figure 28).  Vascular 
necrosis with organized fibrin thrombi, affecting small caliber vessels, was also observed in 
some animals.  Tracheal epithelial attenuation, squamous metaplasia, ulceration, and/or loss with 
fibrinous and cellular exudation continued to be observed. 
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Figure 28. Histomorphologic changes in the left lobe following SM exposure at 28 
days (3.0 mg/kg).  Alveolar septae are markedly thickened by fibroblast-like cells and 
mononuclear inflammation (*) and occasionally lined by prominent cuboidal alveolar 
epithelial cells (arrow). An alveolar exudate composed of alveolar macrophages, 
neutrophils, and cellular debris partially occluding the airways. 40x. Inset: Note the 
diffuse thickening of the alveolar septae. 

At 2 months PE, similar histologic lesions were seen in the lung and trachea but were generally 
not as severe. The most noteworthy changes were the partially or completely epithelial-lined 
subepithelial fibrous proliferations/polyps, bronchiolar goblet cell hyperplasia, and alveolar 
interstitial fibrosis (Figures 29A and 29B).  Between 3 and 4 months, the sub-epithelial polyps 
and bronchiolar goblet cell hyperplasia in larger airways remained noteworthy features (Figure 
30A). When present, the alveolar changes were minimal to mild in severity and consisted of 
interstitial fibrosis and histiocytosis. Occasionally, in some lung lobe sections, alveolar spaces 
had united and formed dilated alveolar spaces, a histological finding consistent with 
emphysematous change. This finding was most noticeable adjacent to mainstem bronchioles 
partially occluded by the subepithelial fibrous proliferations/polyps. Additionally, sub-epithelial 
fibrous proliferation with osseous metaplasia was infrequently found in the trachea of some 
animals (Figure 30B). Likewise, the tracheal epithelial changes were also similar (Figure 31), 
although goblet cell hyperplasia was only occasionally detected.   
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Figure 29. Histomorphologic changes in the right cranial lobe following SM exposure 
at 2 months (2.25 mg/kg).  (A, B). Multifocal alveolar interstitial fibrosis (arrows) with 
minimal alveolar histiocytosis. (A) 10x, (B) 40x. 

 

Figure 30. Histomorphologic changes in the left lobe and trachea following SM exposure 
at 4 months (3.0 mg/kg).  (A) Approximately 50% of the bronchiole lumen is occluded by a 
fibroepithelial polyp. 10x. (B) Marked distortion of the trachea architecture by severe 
subepithelial fibrous proliferation and osseous metaplasia (*). 40x. 
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Figure 31. Morphologic changes in the trachea following SM exposure at 3 
months (2.25 mg/kg). (A) Diffuse squamous metaplasia with loss of cilia and 
scattered necrotic epithelial cells. 40x. 

Histologic pathological lesions were observed in rats exposed to 2.25 or 3.0 mg/kg SM and 
euthanized  at the timeframes indicated. Figures 32A-C show scores ranging to 6 months PE 
with emphasis aligned to corresponding temporal changes in mortality. Figure 32A shows the 
temporal effects of SM exposure on tracheal epithelial necrosis. Exposure to SM at 3.0 mg/kg 
resulted in a persistent necrotic condition from 2-8 weeks after exposure, whereas exposure to 
2.25 mg/kg had less of an effect, but also resulted in a chronic condition that was largely 
resolved in survivors out to10 weeks PE. Figure 32B shows a dose-dependent delayed response 
for bronchiolar goblet cell hyperplasia with 2.25 mg/kg peaking in the 6-week timeframe, while 
for 3.0 mg/kg SM dose an earlier increase for hyperplasia was observed. Perivascular edema 
was observed in the 2.25 mg/kg group from day 1 to nearly 10 weeks peaking at 3 and 8 weeks 
PE. At 3 weeks, there was a marked decrease in survival in the 2.25 mg/kg group and again at 
7-8 weeks PE. A similar, but reduced, effect was seen in the 3.0 mg/kg group from 3-8 weeks 
also matching quite well with increased mortality (Figure 32C). Results at 5 months PE for the 
1.75 mg/kg group showed moderate bronchiolar sub-epithelial fibrous proliferations and severe 
bronchiolar sub-epithelial fibrous proliferation that partially occluded the lumen. Additionally, 
there was evidence of perivascular hemosiderosis and severe multi-layered tracheal squamous 
metaplasia that extended into the lumen (pathology not shown).   
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Figure 32A. The temporal dose-response effects on tracheal epithelial cell necrosis induced by 
exposure to inhaled aerosolized SM. Data are plotted as mean ± SEM. 
 

                 Bronchiolar Goblet Cell Hyperplasia
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Figure 32B. The temporal dose-response effects on bronchiolar goblet cell hyperplasia induced 
by exposure to inhaled aerosolized SM. Data are plotted as mean ± SEM. 
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Perivascular Edema
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Figure 32C. The temporal dose-response effects on bronchiolar perivascular edema induced by 
exposure to inhaled aerosolized SM. Data are plotted as mean ± SEM. 

Mesenchymal Stem Therapy in SM-Exposed Rats 

The 2.25 mg/kg dose group was chosen to test MSC therapy because the mortality rate for the 
group from weeks 3 to 6 was approximately 40-45%. The rationale is supported by the data in 
(Table 1) indicating that testing the high SM exposure concentration was not practical because 
of significant losses—70% in the 3.0 mg/kg group—over the same time interval. Figure 33 
shows that a single MSC treatment delivered 6 hrs PE to aerosolized SM reduced the mortality 
rate at 5 weeks compared with survival rates shown in Figure 3 and compared with untreated 
2.25 mg/kg SM-exposed rats. Lung pathology scores at five weeks after the stem cell treatment 
showed bronchiolar epithelial necrosis and tracheal exudates reduced to ethanol/saline controls 
levels (none observed). Stem cell treatment of SM-exposed animals improved survival, 21% over 
treatment with vehicle alone, but also delayed the onset of symptoms, compared to un-treated 
exposed.  Treatment using MSCs significantly improved lung pathology scores compared to 
SM+ethanol/saline controls, p=0.001, at 5 weeks PE (Figure 34). Additionally, stem cell therapy 
and saline alone reduced the effects of a 10-minute inhalation exposure on bronchiolar goblet cell 
hyperplasia, bronchial epithelial cell necrosis, and tracheal exudate formation (Figures 35A-C). 
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Figure 33. Kaplan-Meier plot of survival rates over 5 weeks in 2.25 mg/kg SM-exposed rats 
treated with and without mesenchymal stem cells.   

 

Figure 34. Lung pathology scores in E/SC animals exposed to SM with or without treatment 
with mesenchymal stem cells (MSCs).  A single MSC treatment 6 hrs post-exposure had a 
significant effect on lowering pathology scores compared to scores in SM-exposed animals 
and treated with or without saline at 5 weeks PE. Data are plotted as mean ± SEM. 
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Figure 35A. The effects of 2.25 mg/kg inhaled aerosolized SM alone, saline alone, or inhaled 
aerosolized 2.25 mg/kg SM + MSC on bronchiolar goblet cell hyperplasia histopathology at 5 
weeks post-exposure. MSCs were injected into the jugular vein at 6 hours post-SM exposure. 
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Figure 35B. The effects of 2.25 mg/kg inhaled aerosolized SM alone, saline alone, or inhaled 
aerosolized 2.25 mg/kg SM + MSC on bronchiolar epithelial cell histopathology at 5 weeks post-
exposure. MSCs were injected into the jugular vein at 6 hours post-SM exposure. 
 



 

 44 
 

Tracheal Exudate

Exposure/Treatment

Pe
rc

en
t o

f s
co

re
s

E/SCs

E/SCs /
 M

SC

SM / S
ali

ne

SM / M
SC

SM / N
o Trea

tm
en

t
0

25

50

75

100
None Observable
Moderate

 

Figure 35C. The effects of 2.25 mg/kg inhaled aerosolized SM alone, saline alone, or inhaled 
aerosolized 2.25 mg/kg SM + MSC on tracheal exudate histopathology at 5 weeks post-
exposure. MSCs were injected into the jugular vein at 6 hours post-SM exposure. 
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DISCUSSION 

The objective of this six-month project was to determine the toxicological, physiological, 
histopathological, and biochemical effects on a range of response variables resulting from a 
single 10-minute aerosolized SM inhalation challenge in the rat. It is not surprising that SM 
caused an overwhelming effect on rat biology and physiology. Much of the data described herein 
support the published literature from humans exposed to SM during the Iran-Iraq War (Willems, 
1989; Ghanei and Harandi, 2007). Several limitations of our model (Figure 1) are the uses of a 
ventilated, anesthetized rodent model, to achieve an intra-tracheal aerosol exposure challenge. 
The advantage was that we could control the MV, bypassing the detoxification pathways in the 
nasal passages thereby adapting our model to mimic mouth-breathing humans and avoiding 
contamination of the fur.  In some SM inhalation models nose-only exposures were performed, 
which most likely added a nasal toxicity component to the exposure injury (Allon et al., 2009; 
Vijayraghavan, 1997). Our exposure concentrations were in agreement with previously published 
SM challenge exposure atmospheres (Anderson et al., 1996; Allon et al., 2009). Moreover, the 
validity of the use of this model was strengthened by the dose-response appearance of SM 
adducts measured in the blood over the initial 24 hrs, as seen in Figure 5  to approximately 25 
days PE (Figure 6). While these adducts are present, they are basically inactive since they are 
protein bound. In the current model, SM-induced mortality was clearly dose-dependent and 
approached 80% at 180 days PE with intervening fatality inflection points at roughly 5, 9, and 18 
weeks at the highest SM concentration (Figure 3).  

As was observed by the Iranians in human casualties many years following the Iran-Iraq War 
(1984-1988), pulmonary function was severely compromised in rats that survived to their 
experimental end-points. This was generally described as asthma, bronchiolitis, recurrent 
pneumonia, and chronic obstructive pulmonary disease (COPD) (Willems, 1989; Hefazi et al., 
2005; Balali-Mood and Hefazi, 2006). COPD is characterized by persistent airflow limitation. It 
can be progressive and is strongly linked to a chronic inflammatory response in the airways 
following exposure to irritants such as gases or particles.  In the current study, SM-induced 
compromised respiratory function was determined by WBP studies and indicated an asthma-like 
COPD. While a true asthmatic response is validated through the application of a methylcholine 
challenge, we were unable to test this in the present study. However, we observed a condition of 
both large airway flow obstruction (Figures 23, 27, 30) and gas exchange abnormalities 
(Figures 4B and C) most likely the result of ventilation/perfusion inequalities. Whereas in 
humans when O2 saturations are <92%, asthma is generally diagnosed. From our data we 
observed that O2 saturations were below 85% after about 6 hrs to 45 days (Figure 4A) 
suggesting an “asthma-like” condition. At high concentrations, SM affected air/blood barrier 
integrity, resulting in respiratory acidosis, which began at 24 hrs and continued to approximately 
60 days PE. This has been described in other animal SM inhalation exposure models (Jugg et al., 
2013; Veress et al., 2015), although over shorter timeframes.  

Respiratory dynamics data over the first 24 hrs showed a solid dose-dependent response to SM 
inhalation with regards to EPAU (Figures 10A-C), PEF (Figures 8A-C), and peak inspiration 
flow (PIF: data not shown), which is reflected in the MV (Figures 9A-C).  At 24 hrs PE, SM 
expired air flow rates did not change, which would indicate that these animals are moving more 
air than ethanol/saline controls by breathing deeper. EPAU, a pseudo-estimate of lung resistance, 
shows a marked increase of 1.8-fold vs time-matched ethanol/saline controls at 24 hrs for the 
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highest-exposure group versus animals. This suggests that airway resistance was limiting the rate 
of air movement and could explain why the respiratory rates (data not shown) were not 
consistently increased. This was confirmed by observing MV (respiration rate x tidal volume), 
which increases in each dose by 10-20% at 24 hrs compared to the respective time-matched 
ethanol/saline controls.  It appears that these animals were expending a great deal of energy 
respiring, which could explain the high number of animal deaths in the day or two following 
exposure (Table 1).  Furthermore, we observed that the PEF rate (Figure 8A) was increased 
more than PIF (data not shown), suggesting that air is easier to move out than in, which is 
consistent with pseudo-membrane formation in this timeframe (Figure 23) yet inconsistent with 
COPD, where PEF is generally lower. 

From weeks 1-11 important changes were seen in the 2.25 and 3.0 mg/kg SM-exposed animals.  
EPAU showed that airway resistance increased in the two highest SM concentrations.  In the 3.0 
mg/kg group, this began in the second week, increased through the seventh week, and then began 
a steady decline. These data suggest an eventual recovery, although this may be obscured 
somewhat, since similar to the weight gain data, respiratory dynamics improved overall as the 
sickest animals were culled from the study and thereby are not represented in later data sets.  A 
dose-dependent relationship was apparent in most of the respiratory dynamics results; however, 
the highest exposure group displayed the greatest effect overall and by far the highest deviation 
from controls at three weeks, which coincided well with weight loss (Figure 2) and mortality 
rates (Figure 3, Table 1) in both high-dosed groups.  Examining Te (Figure 7B), PEF (Figure 
8B), and MV (Figure 9B), it is apparent that these animals were moving much more air via 
deeper breaths and a faster rate than controls, despite an apparently higher lung resistance  
(EPAU).  This would indicate that the three- to seven-week timeframe represented the greatest 
respiratory challenge in the 2.25 and 3.0 mg/kg-exposed groups, and aligns well with weight loss 
and death data during this period. Regarding Te, which is considered to be a bedside indication 
of COPD, there was a decrease (faster time) from 1-11 weeks in the 3.0 mg/kg-exposed group 
and a delayed general dose-response effect between 13 and 24 weeks (Figures 7B and 7C, 
respectively). It is interesting to note that early in the study the 1.75 and 2.25 mg/kg-dosed 
groups showed no indication of slower Te (approximating ethanol/saline control levels); 
however, they ultimately developed a faster rate months PE, signifying that the delayed effects of 
SM would not have been observed had the study terminated earlier.   

Over the period of 11 to 26 weeks, EPAU (Figure 10C) increased in the 3.0 mg/kg group 
through the 15- to 18-week period and then resolved afterward.  Similar patterns were seen in 
PEF (Figure 8C) and Te (Figure 7C).  All of these simultaneous phenomena combined indicate 
that the 15- to 18-week window represents a persistent and enduring physical challenge to the 
2.25 and 3.0 mg/kg groups.  Note further that this coincided very well with a third, but far 
smaller round of animal deaths in the 3.0 mg/kg group (Figure 3).  Of particular interest are 
weeks 21 to 26, where decreasing EPAU resulted in an increase in respiratory rate, although MV 
(the product of respiration rate and tidal volume) was higher than ethanol/saline controls, Te was 
lower, but peak flows approached normal, thus indicating some modest compensatory measures 
among the SM-exposed rats.  We show that EPAU remained elevated by about 50% at 26 weeks, 
and 3.0 mg/kg animals seemed to compensate increasing resistance by reducing the pauses 
between inhalation and exhalation and by inhaling more quickly. Ultimately, respiratory rate and 
minute volume resolve to nearly control levels. Deaths in this late time-frame were sporadic.  
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Our data appear to be in conflict with published reports that show a decrease in PEF following 
exposure to SO2 in rats, but a negative correlation with goblet cell hyperplasia and the presence 
of mucous plugs in the respiratory bronchioles (Xu et al., 2000). We measured increases in PEF 
over time (Figure 8B) and in pathology scores for bronchiolar goblet cell hyperplasia, tracheal 
epithelial necrosis, and perivascular edema starting at about 2 weeks PE in the 3.0 mg/kg SM-
exposed rats (Figure 32A-C). It is clear that the rat lung response to inhaled SM may fall in a 
range of compromising conditions that could be inconsistent with those observed in humans.  

Morphologically, changes began at about 7.5 hrs PE in the highest SM-exposed group (Figure 
22). SM triggered the formation of fibrinous pseudo-membranes as early as 24 hrs (Figure 23), 
as well as proteinaceous edema and inflammation by 48 hrs PE (Figure 25). Generally, 
inflammation, fluid-filled alveoli lesions, and mucus plugging of small airways was typical 
sequelae in SM 2.25 or 3.0 mg/kg-exposed animals in the 3-7 weeks PE timeframe. These are 
believed to be the cause of the increased airway resistance and poor gas exchange mentioned 
earlier, thus requiring dramatically greater compensatory ventilation. In support of an asthma-
like COPD, Figures 26, 27, 29, and 30 describe the presence of sub-epithelial proliferation, 
fibroblast-like cells, and alveolar interstitial fibrosis occurring approximately 31 days to 4 
months in the two highest SM- exposed groups. Increased sub-epithelial fibrosis is a marker of 
airway remodeling that occurs over a range of asthmatic conditions and can be responsible for 
increased thickening of gas exchange surfaces resulting from COPD (Epstein and Singh, 2001). 
Asthmatic airway fibroblasts can initiate fibrosis via a higher ratio of tissue inhibitor of 
metalloproteinase (TIMP-2) to metalloproteinase (MMP-2) (Bergeron et al., 2010). The 
assessment of an asthma-like condition in the present rat study agrees with that seen in human 
SM exposures (Balali-Mood and Hefazi, 2006; Pechura and Rall, 1993). Balali-Mood and Hefazi 
(2006) showed that in 197 SM-poisoned soldiers 78% of the delayed toxic effects were 
respiratory in nature. Hefazi et al. (2005) suggested that 16-20 years after exposure the main 
complications were COPD, 35%; bronchiectasis, 32.5%; asthma, 25%; and fibrosis, 7.5%. There 
were even several cases of a restrictive lung disease. Moreover, Emad and Rezaian (1999) 
showed that in soldiers who survived an acute heavy exposure, the predominating injury was 
defined by neutrophilic alveolitis. In this study we did see a marked increase in EPAU (Figures 
10A-C). This pseudomarker of airway restriction was possibly driven by the temporally 
increased presence of polyps/casts in the airways. Aligned with these pathological states was the 
presence of inflammation intensified by the presence of neutrophils, eosinophils, and 
macrophage cells, thereby augmenting the production of reactive oxygen intermediates (ROIs). 
SM caused enhanced BALF activities of both GPx (Figure 13) and CAT (Figure 15), suggesting 
that the presence of neutrophils/monocytes and a hydrogen peroxide-driven free radical 
environment, which was evidenced by the marked increases in MPO activity (Figure 16). This is 
supported to some extent by the elevated levels of GSH (Figure 14) in the BALF. Although we 
do not have GSH data earlier than 6 weeks, there is clearly strong evidence of an active GSH 
redox cycle scavenging SM-generated free radicals, which have been shown to be produced by 
SM (Brimfield et al., 2012). In agreement with the secondary effects of the formation of ROIs is 
the release of cytokine/chemokine mediators (Figures 17-20). While there are few identifiable 
dose-response effects, there was a clear temporal response. Both BALF IL-1α and IL-1β showed 
early time profiles PE, most notably within the first two weeks for the two higher SM exposure 
concentrations (Figures 17, 18). The early presence of macrophages, neutrophils, and epithelial 
cells in the BALF possibly indicates their counteraction against the local toxic effects of SM.  
BALF GRO/KC (Figure 19), a CXCL-1 chemokine, showed a variable temporal response across 
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all three SM exposure concentrations compared to time-matched ethanol/saline controls. 
GRO/KC is a chemoattractant for neutrophils, which were shown in the histopathology through 
the course of injury, and is confirmation of locally concentrated neutrophil activity. Lavage IL-7 
(Figure 20) is also a product of SM toxicity in the lung milieu. IL-7 not only plays a role in T-
/B- cell development, but is released from the bone marrow and produced by epithelial and 
dendritic cells, both of which are present in the lung. We measured the temporal effects of SM 
exposure across each exposure concentration on RBC and WBC shape, size, and volume in the 
bone marrow isolated from rat femurs. The data (not shown) were inconclusive except for the 
RBCs, which had smaller diameters at later time points and for the highest SM exposure 
concentration compared with ethanol/saline controls. Table 2 shows the temporal aggregate 
expression fold changes of selected BALF cytokines/chemokines. Although none showed any 
specific time point-related dose-response effects, several demonstrated marked differences when 
considering the 6-month total temporal output versus ethanol/saline controls. For instance, the 
chemokine MIP-1α (CCL3), IL-5 and IL-6 showed a clear dose-related response effect.  MIP-1α 
is produced by macrophages. It is a chemoattractant for neutrophils, resulting in neutrophilic 
inflammation, which was shown at about 48 hrs PE in the two highest SM-exposed groups 
(Figure 25). In addition, it is critical for immune responses because it acts as a chemoattractant 
for T-/B-cells (Mauer et al., 2004). B-cells have been shown to be important in the pathogenesis 
of certain COPD conditions such as emphysema (Polverino et al., 2016). IL-5, which is a 
byproduct of T-helper-2 cells and a marker of asthma, showed a dose-dependent temporal 
increase over ethanol/saline controls along with the pro-inflammatory cytokine and immune 
function regulator IL-6. Upregulation of both IL-5 and IL-6 has been shown to be important in 
the progression and severity of asthma (Bradding et al. 1994; Peters et al., 2016). In our model, 
the marked dose-dependent aggregate temporally increased expression of IL-5 and IL-6 supports 
the respiratory dynamic and histopathology data suggesting a condition of asthma in the 
survivors. Bradding et al. (1994) demonstrated that mast cells are pivotal in the progression of 
asthma, most importantly with regard to the production of TNFα. Although the presence of mast 
cells was not determined in this study, the fold-increase expression of TNFα for each exposure 
concentration may point to mast cell contribution as the injury progresses. This diagnosis is 
further supported by the fold increase in IL-17 and the decrease in IL-12, both of which are 
reported to be heavily involved in asthma etiology. IL-17 is associated with allergic responses, is 
an indicator of tissue remodeling, and is involved in chronic inflammation as well as immune 
regulatory processes. It is also a key mediator of COPD, contributing to lesion formation 
(Polverino et al., 2016). Kawaguchi et al. (2009) reported that a member of the IL-17 family, IL-
17F, plays a significant role in asthma. In relationship to the presence of IL-17 and inhaled SM-
induced lung injury, at 30 days PE an accumulation of IL-17 was demonstrated in inflamed 
monkey lungs (Mishra et al., 2012). There is a link between the presence of IL-17 with COPD, 
particularly in asthma (Shen et al., 2004). In the current study our assay for IL-17 could not 
distinguish between separate family members. Bergeron et al. (2010) suggest that up-regulation 
of IL-12 levels may aid in ameliorating asthma. Both IL-4 and IL-13 are also important in the 
asthma (Bergeron et al. 2010); however, while they were both measured in this study, they did 
not differ from ethanol/saline controls. With respect to the lung, we are well aware that the 
mediators discussed are in constant contact with each other pertaining to the sites of production 
and available substrates. As such, the resulting admixed microenvironment could potentiate an 
adverse biological outcome. This was demonstrated by Honda et al. (2016) regarding the 
synergistic effects of IL-17A and TNFα on amplification of airway inflammation. Thus, we made 
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no attempt to discuss the complicated interaction between inflammatory mediators in this lung 
injury model. 

Decreased body weights, increases in mortality, changes in respiratory dynamics, increased 
activity of ROI pathways, compromised immuno-function and deleterious changes in lung 
pathology were prevalent within the first five weeks PE. These coupled to alveolar exudates, 
edema, and inflammation peaking at roughly 3 weeks correlated well with compensatory 
changes in pulmonary function and/or respiratory distress.  Animals that demonstrated 
respiratory distress at three weeks were more likely to die later in the study. Notably, this 
indicates that 3-6 weeks PE in this model may be a crucial window in the progression of SM 
inhalation lung injury, and that therapeutic intervention prior to and concurrent with this time 
point may offer the best approach as a medical countermeasure. Based on this information, 
herein we provide preliminary evidence of the effects of a PE mesenchymal stem cell therapeutic 
approach. An infusion of MSCs 4-6 hrs PE was effective in reducing SM-induced edema, 
necrosis, inflammation, and death at 3-6 weeks (Figure 33).  Surprisingly, we also show that 
saline hydration therapy could be effective as well in reducing the toxicity of SM (Figures 35A-
C). Work by Kotton and Fine (2003) and Krause et al. (2001) demonstrated that bone marrow-
derived MSCs can serve as progenitors of Type II lung and bronchial cells. The mechanisms 
responsible for MSCs in tissue remodeling may involve the up-regulation of a family of Wnt 
proteins and TGF-β1, both of which are responsible for fibrosis and the enhancement of tissue 
remodeling (Salazar et al., 2009). While tissue remodeling is critical in the healing process it can 
affect the lung’s capability to inflate and deflate, ultimately resulting in COPD, asthma, and 
bronchiolitis. In the current study, we were not able to verify through fluorescent imaging the 
location of the injected MSCs. We do show, however, that MSC therapy reduced both the overall 
pathology scores as shown in Figure 34 and scores for bronchiolar goblet cell hyperplasia, 
epithelial necrosis and tracheal exudates (Figures 35A-C). Limited success with MSCs may be 
treatment interval-dependent.  In part this may be why in lung exposure challenge models there is some 
measure of resolution of acute tissue injury (Gupta et al., 2007; Ortiz et al., 2003; Zhang et al., 2016). 

This study provides the first long-term examination of SM-induced lung injury and its systemic 
effects. It further demonstrates the feasibility of stem cell therapies for treatment of SM 
inhalation injury as shown by lower mortality rates and pathology scores. We envision the next 
phase of this work to include multiple challenges with MSCs during the course of injury 
development since success may be time/frequency treatment-dependent. Aggressive therapeutic 
use of MSCs early in the injury process may eliminate or at least ameliorate the numerous 
toxidromes observed in this study. As is evident from the temporal responses among the data 
herein, we can deduce that therapeutic intervention over time could be a challenge, with 
difficulties in addressing the variable compromised conditions of respiratory efficiency over 
different timeframes. 

In summary, a critical weakness of the state of research on SM-induced lung injury is the 
significant absence of data involving the long-term effects and recovery from SM inhalation 
exposure, especially when considering the long-term outcomes seen in the Iran-Iraq War 
survivors. Although there is consistent evidence that inhaled SM causes acute lung damage 28-30 
days PE, our data demonstrate that there are adverse effects spread over a six-month period 
following a single initial inhalation challenge. These appear to occur in several key windows 
(i.e., 3-6 weeks and 12-16 weeks PE in the highest exposure concentration) and are coupled to 
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unpredictable lethality inflection points within those timeframes. However, the dose-dependent 
timing and uncertainty of the mechanisms behind the recurrent nature of these adverse events 
would make them difficult to predict. This is problematic because traditional treatment 
intervention during the acute phase may not be adequate since survivors show clear signs of 
other toxidromes over time. Our data align quite well with the Iranian survivor experience years 
after the Iran-Iraq War. As such and in conjunction with human data, we provide evidence that a 
single exposure to SM aerosol for 10 minutes produced a range of physiological, toxicological 
and pathophysiological complications over time that may complicate rational and timely medical 
intervention. We also show that treatment with stem cells could be a potential medical 
countermeasure in reducing toxidromes associated with long-term SM inhalation toxicity.  
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